adenylyl cyclase ͉ cGMP ͉ guanylyl cyclase ͉ cAMP ͉ toxin-induced diarrhea
adenylyl cyclase ͉ cGMP ͉ guanylyl cyclase ͉ cAMP ͉ toxin-induced diarrhea D iarrhea is one of the principal causes of mortality in children in the developing world, being responsible for 2.5 million deaths per year (1, 2) , and about 60% of these deaths are caused by enterotoxigenic strains of bacteria, including Escherichia coli (3) . One of the toxins, heat-stable enterotoxin (STa), binds to intestinal epithelial cell membrane receptor, guanylyl cyclase type C (GC-C), and activates the enzyme to increase the synthesis of cyclic guanosine 3Ј,5Ј-monophosphate (cGMP) (4) (5) (6) . GC-C is a transmembrane protein with an extracellular receptor domain, a short membrane span, and an intracellular catalytic domain (7) . Natural endogenous ligands of GC-C are peptide hormones guanylin and uroguanylin, which regulate secretion of salt and fluids by the intestine (8) . Upon stimulation of GC-C, elevated levels of cGMP induce activation of a cGMP-dependent protein kinase and a chloride-ion channel, cystic fibrosis transmembrane conductance regulator (CFTR). Activation of CFTR increases transport of chloride into the intestinal lumen and accumulation of water and sodium ions, thus causing diarrhea (6) . Since defining the cell signaling pathways involved in pathogenesis of enterotoxigenic diarrhea, it had become apparent to us that this pathway represents a molecular target to interrupt the signaling as a therapeutic approach to STa-induced diarrhea. The goal of the present study was to develop an innovative approach to therapy of acute diarrhea based on an inhibitor of stimulated cyclic nucleotide synthesis. We have identified a promising lead compound, 5-(3-bromophenyl)-
,6-trione (BPIPP), which can suppress cyclic nucleotide synthesis and is active in vivo in an animal model of acute diarrhea.
Results and Discussion
Screening a compound library allowed us to identify a class of pyridopyrimidine derivatives that can suppress STa-dependent cGMP accumulation in cultured human colorectal carcinoma T84 cells (Table 1) . Accumulation of cGMP was suppressed by Ϸ80% by BPIPP (IIa). Other derivatives with a 4-hydroxyl group in the phenyl moiety or with an acylated N-11 atom and 4-chloride in the phenyl moiety had considerably lower activity. However, the 5-(3-fluorophenyl) derivative IIIa, being essentially isoelectronic to BPIPP, had similar potency. Oxidation products of BPIPP and compounds Ia and IIIa (Ib, IIb, and IIIb, respectively) were prepared by exposing the solutions to air for extended periods of time, and they did not inhibit STa-stimulated cGMP accumulation. All compounds had no influence on baseline intracellular or extracellular cGMP levels (8.8 Ϯ 2.3 and 1.6 Ϯ 0.6 pmol/mg of protein in the presence of vehicle and 9.0 Ϯ 1.0 and 2.6 Ϯ 1.6 pmol/mg of protein in the presence of 50 M BPIPP, respectively; n ϭ 6; P Ͼ 0.1). The most potent derivative BPIPP was further investigated in T84 cells.
Intracellular cGMP accumulation is a balance of three major processes: cGMP synthesis by guanylyl cyclases (9, 10) , cGMP degradation by phosphodiesterases (11) , and cGMP extrusion into the medium (12) . Thus, suppression of cGMP accumulation by BPIPP can be due to inhibition of guanylyl cyclase activation or to stimulation of cGMP degradation or extrusion. To rule out enhanced degradation, all experiments were performed in the presence of the nonspecific phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX; 1 mM). Cells were also treated with vehicle or BPIPP, and rates of cGMP degradation were assayed in the homogenate (21.8 Ϯ 0.8 and 25.7 Ϯ 2.3 nmol of cGMP per min per mg of protein in cells pretreated with vehicle and BPIPP, respectively; n ϭ 4; P Ͼ 0.1). Treatment of T84 cells with BPIPP in the presence or in the absence of IBMX had no influence on the efflux of cGMP in cells stimulated with STa (Fig. 1A) . STa-dependent increase in extracellular cGMP was inhibited by BPIPP to the same extent as intracellular cGMP accumulation, suggesting that the effect of BPIPP on cGMP levels cannot be due to enhanced cGMP degradation or extrusion. In membranes isolated from T84 cells, BPIPP did not cause inhibition of basal GC-C activity or activity with 0.1 M and 1 M STa or with Mn 2ϩ (Fig. 1B) . Similar data were obtained with homogenates and membranes isolated in the presence of protease and phosphatase inhibitors from cells pretreated with BPIPP, indicating that the influence of BPIPP is indirect and can be observed only in the intact cells because after disruption of the cells, the effects are lost. The mechanism of BPIPP inhibition appears to be noncompetitive, because extent of inhibition was similar at low and high concentrations of STa, and even 5 M STa (Fig. 1C) could not overcome the effect of BPIPP.
BPIPP action was reversed by washing of BPIPP-treated T84 cells with Dulbecco's PBS (DPBS) containing BSA. In the cells that had not been washed or in the cells washed with DBPS, the STastimulated accumulation of cGMP was inhibited by 50 M BPIPP by 87.4 Ϯ 7.7% and 59.2 Ϯ 10.2%, respectively (n ϭ 6; P Ͼ 0.1). However, in cells washed with DPBS containing 1% BSA, inhibition was only 22.6 Ϯ 7.7% (n ϭ 6; P Ͻ 0.01). In addition to this observation, both BPIPP-induced inhibition of 250 nM STastimulated cGMP accumulation and BPIPP binding to the cells were suppressed in DPBS containing BSA (but not ovalbumin). In control incubations without BSA, inhibition was 87.4 Ϯ 7.7% (32.7 Ϯ 5.6 nmol of BPIPP bound per mg of protein) and in the presence of 1 mg/ml or 5 mg/ml BSA, inhibition was 48.0 Ϯ 5.8% or 12.7 Ϯ 3.5% (2.7 Ϯ 2. BPIPP suppressed cGMP accumulation in T84 cells stimulated with STa or the endogenous GC-C activator guanylin (8) (Fig. 1D ) with IC 50 3.4 Ϯ 1.6 and 7.2 Ϯ 1.7 M, respectively. In the human neuroblastoma cell line BE-2 ( Fig. 1E ), BPIPP suppressed cGMP accumulation induced by atrial natriuretic peptide (stimulation of GC-A) or C-type natriuretic peptide (stimulation of GC-B); IC 50 values were 8.4 Ϯ 1.6 and 11.2 Ϯ 1.5 M, respectively. Similar effects were observed in rat fetal lung fibroblasts RFL-6 (Fig. 1F) . In addition to inhibiting particulate guanylyl cyclases (GC-A, GC-B, and GC-C), BPIPP also suppressed activation of soluble guanylyl cyclase by a nitric oxide donor (benzotrifuroxan) in intact RFL-6 cells (Fig. 1F) . However, similar to the inability of BPIPP to influence enzymatic activity of GC-C in membranes of T84 cells (Fig. 1B) , BPIPP had no inhibitory effect on basal or nitric oxide-stimulated activity of purified soluble guanylyl cyclase. Basal activity of the purified enzyme was 0.16 Ϯ 0.01 mol/min per mg, and with 100 M spermine/NONOate the activity increased to 2.96 Ϯ 0.22 mol/min per mg; corresponding values in the presence of 50 M BPIPP were 0.10 Ϯ 0.01 and 3.76 Ϯ 0.17 mol/min per mg (n ϭ 6; P Ͼ 0.05).
BPIPP also inhibited cGMP accumulation stimulated with STa in COS-7 cells (which lack endogenous functional GC-C) transfected with full-length recombinant human GC-C. In cells transiently transfected with an empty vector, the basal level of cGMP was 2.8 Ϯ 0.3 pmol/mg and it was not enhanced with STa; in cells transfected with GC-C and stimulated with 100 nM STa, cGMP increased to 22.2 Ϯ 1.5 pmol/mg, and this stimulation was inhibited by BPIPP by 81 Ϯ 3% (n ϭ 3).
Additionally, BPIPP can suppress activation of adenylyl cyclases. Pretreatment of RFL-6 cells with BPIPP suppressed activation of cAMP accumulation induced by treatment with direct adenylyl cyclase activator forskolin, receptor-dependent stimulation by ␤-adrenergic agonist isoproterenol, and GTP-binding proteindependent stimulation with cholera toxin (Fig. 2A) . Because of poor water solubility of BPIPP, the maximal concentration of the drug tested was 50 M, and it is unclear whether further increases BPIPP can suppress accumulation of cAMP in cells pretreated with various bacterial toxins, including adenylyl cyclase toxin from Bordetella pertussis (13) , edema toxin from Bacillus anthracis (14) , and cholera toxin. BPIPP effects on the efficacy of pretreatment were also assessed. The data of Fig. 2B indicate that BPIPP does not significantly inhibit apparent efficacy of pretreatment of pertussis adenylyl cyclase or edema factor but markedly suppressed efficacy of pretreatment with cholera toxin. However, cAMP accumulation induced by pertussis cyclase and edema factor and activation of endogenous adenylyl cyclase by cholera toxin were efficiently inhibited by BPIPP. Thus, BPIPP is capable of inhibiting not only eukaryotic adenylyl cyclase but also bacterial adenylyl cyclase toxins. Similar to inhibition of guanylyl cyclase (Fig. 1C) , suppression of adenylyl cyclase appears to be noncompetitive because increasing forskolin concentrations to 25 M did not overcome the inhibition by BPIPP (Fig. 2C) . Also, BPIPP had no influence on basal, isoproterenol-, fluoride-, or forskolin-stimulated adenylyl cyclase activity in membranes prepared from T84 cells pretreated with BPIPP or when BPIPP was added to the incubation medium for assay of adenylyl cyclase activity in the membranes (Fig. S1) . Thus, the effects of BPIPP on adenylyl cyclase activity are indirect and cannot be seen after destruction of the cells.
In cultured T84 cells, BPIPP inhibited the downstream effects of cGMP, which involve activation of chloride efflux from the cells. The data shown in Fig. 3A indicate that increasing concentrations of STa enhanced chloride ion efflux from the cells, and this increase was effectively blocked by pretreatment with BPIPP. BPIPP also suppressed increase in chloride efflux induced by treatment of cells with forskolin, cholera toxin, or isoproterenol (Fig. 3B) . However, BPIPP did not influence basal chloride efflux (not shown), efflux stimulated with 8-bromo-cAMP (0.1 and 1 mM), or calciumdependent efflux stimulated with 10 M ionomycin (Fig. 3B) , suggesting that the effects of BPIPP are mediated by inhibition of cyclic nucleotide synthesis and BPIPP does not affect the downstream signaling or chloride transport directly. Monolayers of T84 cells were subjected to a short-circuit current (I SC ) measurements in an Ussing chamber. Treatment of cells with 0.1 M STa increased I SC to 9.6 Ϯ 1.3 A/cm 2 , whereas in cells pretreated with 50 M BPIPP, the STa effect was greatly diminished (2.7 Ϯ 0.8 A/cm 2 ; n ϭ 6). Similar data were obtained when I SC was stimulated with 5 M forskolin (increase in I SC to 18.7 Ϯ 1.6 and 2.9 Ϯ 2.0 A/cm 2 in cells pretreated with vehicle and 50 M BPIPP, respectively; n ϭ 4). BPIPP had no influence on basal current or resistance of the monolayer. We then hypothesized that BPIPP can suppress STa-mediated diarrhea in an animal model. The data of Fig. 3C indicate that in an in vivo rabbit intestinal loop model, 50 M BPIPP slightly decreased basal secretion and completely suppressed secretion of fluid into the intestinal lumen stimulated with 0.1 M or 0.2 M STa but had no effect with 1 M STa, and 10 M BPIPP was also effective; 50 M compound IVa (a weaker inhibitor of STastimulated cGMP accumulation in T84 cells; Table 1 ) had little or no effect on STa-stimulated secretion. Thus, BPIPP concentrationdependently suppressed STa-stimulated liquid secretion in an in vivo rabbit intestinal loop model and can potentially be used for therapy of toxin-induced secretory diarrhea.
The class of compounds studied in the present manuscript has not been described in the biochemical or pharmacological literature previously. Thus, we did not know or anticipate a specific direct target of BPIPP and therefore, investigation of molecular mechanism of action of this compound on synthesis of cyclic nucleotides was very challenging. As a first step, we have performed a pharmacological screening of various drugs acting on certain key intracellular signaling pathways known to be associated with regulation of cyclic nucleotide synthesis in cells. Our approach included treatment of T84 cells with various pharmacological agents, and then we evaluated the extent of inhibition of STa-mediated cGMP accumulation by BPIPP (Table S1 ).
Our results indicate that Ca 2ϩ -dependent signaling pathways are not directly involved in the effects of BPIPP on STa-mediated stimulation of cGMP accumulation in T84 cells. A number of extracellular and intracellular calcium chelators and antagonists as well as inhibitors and activators of calcium-dependent proteolysis and protein phosphorylation fail to interfere with BPIPP effect. The same is apparently true in the case of general inhibitors of serine/threonine-specific and tyrosine-specific protein kinases. However, an inhibitor of tyrosine-specific phosphatases, activated sodium orthovanadate, partially protected cells from the effects of BPIPP at high concentration (2 mM), significantly decreasing BPIPP inhibition by 30.8 Ϯ 2.6%. Because orthovanadate is known to have considerable nonspecific effects unrelated to inhibition of phosphatases, we have sought to confirm whether BPIPP can influence the level of tyrosine-specific phosphorylation in T84 cells. The results shown in Fig. 4A indicate that treatment of T84 cells with 50 M BPIPP significantly stimulates the apparent activity of tyrosine-specific protein kinases that can use various synthetic tyrosine-containing polypeptides as the substrates by 77-200%, depending on the substrate. Moreover, fractionation of the cells followed by a similar tyrosine kinase activity assay indicates that stimulation of protein kinase is more pronounced in the cytosol (85.0 Ϯ 5.5%) versus membrane fraction (29.8 Ϯ 3.2%; Fig. 4B ).
The effect of BPIPP can be attenuated by two inhibitors of phospholipase C, U73122 (54.0 Ϯ 15.8% and 60.5 Ϯ 12.8% suppression of BPIPP inhibition at 20 and 50 M, respectively) and D609 (52.6 Ϯ 5.7% suppression at 50 M). However, inhibitors of phosphatidylinositol 3-kinase or phospholipase A2 had no detectable effect (Table S1 ). We then tested whether BPIPP can influence the activities of various phospholipases in intact T84 cells. BPIPP has no significant influence on inositol phosphate accumulation or on apparent phosphatidylcholine-specific phospholipase C or phospholipase D activities (Fig. S2) . Thus, even though the inhibitors of phospholipase C interfere with BPIPP-dependent effects on cyclic nucleotide synthesis, BPIPP does not directly stimulate or inhibit phospholipases.
Because BPIPP can be oxidized in aqueous solutions in the presence of oxygen to form the corresponding compound IIb, we have tested two enzymes capable of metabolizing reactive oxygen species, catalase and superoxide dismutase. We found that these enzymes have an insignificant effect on BPIPP-mediated inhibition of STa-stimulated cGMP accumulation (Table S1) .
We suggest that BPIPP can act on an unknown target, which then influences stimulation of synthesis of cyclic nucleotides in the cell, and the processes associated with this can involve cytosolic tyrosinespecific protein phosphorylation and might be affected by phospholipase C-dependent pathways.
Thus, BPIPP is a promising lead compound that suppresses stimulated synthesis of cyclic nucleotides, cAMP and cGMP, in intact cells. BPIPP acting via an unidentified target suppresses the effects of various stimulatory agents on membrane-bound and soluble guanylyl cyclases and membrane-bound adenylyl cyclases.
The interaction of BPIPP with BSA and inactivation of BPIPP during the course of this interaction might be an important pharmacokinetic property of this compound that might block systemic effects of BPIPP. Thus, BPIPP can be used for localized tissue treatment of disorders with excessive production of cyclic nucleotides without undesirable systemic effects. This property could make BPIPP an especially promising candidate for therapy of diarrheal diseases with oral administration. BPIPP could suppress activation of adenylyl and guanylyl cyclases by toxins produced by infectious agents in the intestine but should have minimal or no systemic adverse effects. The relatively easy synthesis (single step) and a presumed low cost should make it very attractive for therapy of diarrhea in developing countries, which is one of the major causes of mortality.
Materials and Methods
The chemical library was provided by Neuronautics. Compounds IIa, IVa, Va, VIa, VII, and VIII were purchased from ChemDiv. Other compounds (Ia, Ib, IIa, IIb, IIIa, IIIb, and IXa) were synthesized as described (15) (16) (17) ; see SI Materials and Methods for details.
Cell Culture. Human colorectal carcinoma T84, rat fetal lung fibroblasts RFL-6, human neuroblastoma BE-2(C), and monkey kidney COS-7 cells were from the American Type Culture Collection and were grown according to the supplier's guidelines in the presence of 10% FBS (20% serum for RFL-6 cells) in a humidified atmosphere of 95% air/5% CO2 at 37°C. Cell viability was determined by trypan blue exclusion and with an lactate dehydrogenase assay kit (Cayman Chemical). Intracellular ATP was assayed with a luciferase-based ATPlite-M kit (PerkinElmer). For expression of human GC-C in COS-7 cells, the pZeo plasmid encoding the full-length human GC-C (from S. Waldman, Thomas Jefferson University, Philadelphia, PA) was mutated to the original sequence listed in the National Center for Biotechnology Information database (S139P) and then recloned into the pcDNA3.1 vector. COS-7 cells were transfected with 1 g of purified plasmid per well of a 12-well plate by using Lipofectamine 2000 reagent (Invitrogen), and 24 h later cGMP accumulation in the cells was measured. Expression of GC-C was verified by Western blotting with an anti-GC-C antibody (18) (from S. Waldman).
Assay of cGMP and cAMP in Intact Cells. Cells were grown to confluence in 12-well plates and washed three times with DPBS. Cells were treated with vehicle (DMSO, 0.1%) or BPIPP or other substances as indicated in DPBS containing 1 mM IBMX for 10 min, and then cyclic nucleotide accumulation was stimulated with activators of guanylyl or adenylyl cyclase as indicated for 4 -10 min. Medium was aspirated and cGMP was extracted by rapid freezing of the plates at Ϫ80°C in the presence of 50 mM sodium acetate (pH 4.0; 0.3 ml per well) and measured by ELISA (19) . cAMP was extracted with 0.1 M HCl (0.3 ml per well) and measured with a cAMP assay kit (acetylation protocol; Cayman Chemical). Cells were pretreated with bacterial toxins [cholera toxin (Calbiochem), pertussis adenylyl cyclase (E. Hewlett, University of Virginia, Charlottesville, VA), and anthrax edema factor (E. Hewlett)] for 30 -60 min in the corresponding growth medium without serum.
STa Binding. Whole-length STa (R. Giannella, University of Cincinnati, Cincinnati, OH) was iodinated and purified as described (20) to yield specific activity of 95 kBq/pmol. Binding of 25 pM 125 I-STa to intact T84 cells was performed in F-12 medium for 1 h at 37°C. Cells were washed and solubilized with 0.1 M NaOH, and bound radioactivity was counted. Binding of 20 -25 pM labeled STa to membranes was assayed as described (21) , replacing 1 mg/ml BSA with 1 mg/ml ovalbumin. Nonspecific binding for the intact cell and membrane assays was determined in the presence of 100 nM STa and was subtracted to calculate the amount of bound toxin.
Assay of Guanylyl Cyclase Activity. Activity of guanylyl cyclase was determined by RIA (22) . Activity of purified human recombinant soluble guanylyl cyclase (23) (from E. Martin, University of Texas, Institute of Molecular Medicine, Houston, TX) was measured as described in ref. 24 . For detailed description see SI Materials and Methods.
Effects of BPIPP on Ion Transport. Transport of chloride in T84 cells was assayed as described in ref. 25 . In some experiments, 6-methoxy-1-(3-sulfonatopropyl)quinolinium (SPQ) was used as a chloride ion fluorescent sensor instead of Fig. 4 . Stimulation of activity of a tyrosine-specific protein kinase in T84 cells by BPIPP. (A) Cells were treated with 50 M BPIPP or vehicle for 20 min and protein kinase activity was measured in the extract by using various tyrosinecontaining protein kinase substrates. E4Y, (Glu) 4-Tyr; EAY, Glu-Ala-Tyr; EY, Glu-Tyr. n ϭ 3. (B) Cells were pretreated in a similar manner and then homogenized with a glass-glass homogenizer in a hypotonic buffer and fractionated to separate crude membrane fraction from the cytosol. Protein kinase activity was measured by using EAY as the substrate. * , P Ͻ 0.05; n ϭ 6.
